Low-lying singlet and triplet electronic excited states of ClOOCl are presented. Calculations of the excitation energies and oscillator strengths are reported using excited state coupled cluster response methods, as well as the complete active space self-consistent field method with the full Breit-Pauli spin-orbit operator. These calculations predict that for ClOOCl there should be a weakly absorbing triplet state lying below the lowest absorbing singlet excited state. This state is predicted to have an absorption maximum at about 385Ϯ25 nm. This lowest triplet state is calculated to be dissociative and leads to ClOOϩCl.
I. INTRODUCTION
Chlorine peroxide, ClOOCl, is an atmospherically important chlorine-containing molecule which is formed predominantly in the stratosphere by catalytic reactions ClϩO 3 →ClOϩO 2 , ͑1͒
ClOϩClOϩM →ClOOClϩM , ͑2͒
ClOOClϩh→ClOOϩCl, ͑3͒
ClOOϩM →ClϩO 2 ϩM . ͑4͒
This catalytic cycle has been central to the explanation of significant ozone losses observed in the Antarctic polar stratosphere. [1] [2] [3] [4] The ClOOCl plays a key role in the most destructive chlorine-catalyzed ozone loss mechanism in the stratosphere. Surprisingly, chlorine peroxide has never been observed in situ in the stratosphere, although it is has been well characterized in the laboratory both in terms of its spectroscopy, [5] [6] [7] [8] kinetics, 1,9-13 and photochemistry. 9, 14, 15 Since photodissociation is an important removal mechanism for atmospheric ClOOCl, there has been great interest in characterizing the UV absorption spectrum and understanding its photochemistry. In the past the photochemistry for ClOOCl had been controversial, but experiments 9, 14 to date show that the primary photodissociation process is release of chlorine atoms and chloroperoxy radicals, which are unstable towards release of a second chlorine atom and molecular oxygen via reaction ͑3͒ and ͑4͒. This information has been essential to estimating the abundance of ClOOCl in the absence of a direct measurement of its presence in the atmosphere. The photochemistry of ClOOCl has primarily focused on the electronic spectrum first measured by Burkholder et al. 7 and Ravishankara et al. 10 The new UV absorption spectrum ͑see Fig. 1͒ has a relatively strong and broad absorption band that has a maximum at 246 nm ͑5.04 eV͒ and a tail which extends out to wavelengths near 410 nm. Theoretical studies 16, 17 have shown that this UV band is primarily an excitation to a singlet electronic excited state that involves promotion of an electron to a ClO antibonding orbital. These studies also indicated that because of this electron promotion, the Cl-O bond is weakened, which facilitates the spontaneous photodissociation to Cl and ClOO. This is consistent with observations from the experimental laboratory studies.
Despite this detailed understanding of the photochemistry and spectroscopy of ClOOCl, photochemical model studies still tend to underestimate the observed rate of ozone loss due to chlorine in the polar stratosphere. 18, 19 The limitations have largely been attributed to an inaccurate accounting of the abundance of ClOOCl. Anderson and co-workers 20 have recently provided the first direct measurement of ClOOCl in the atmosphere. These measurements have provided key information to test the validity of the photochemical models and laboratory measurements of key data included in these models that control polar ozone depletion. These new measurements show that there are discrepancies between the field measurements for ClOOCl and the photochemical models. Much of these discrepancies arise from the photodissociation J values used in the model, and this is connected to uncertainties in the UV absorption spectrum of ClOOCl.
Besides the UV absorption spectrum of Burkholder et al., 7 a later study by Huder and DeMore 21 also reported a UV absorption spectrum of ClOOCl. These experiments were carefully designed to minimize impurities from interfering species such as Cl 2 O, Cl 2 , and O 3 that might affect the UV absorption measurements. An inspection of the Burkholder et al. 7 and Huder and DeMore 21 UV absorption spectra of ClOOCl shown in Fig. 1 exhibit differences in the long wavelength UV absorption. In particular, the absorption cross sections of Huder and DeMore 21 are lower than those of Burkholder et al. 7 Moreover, Huder and DeMore 21 used absorption cross sections that were based on a log-linear extrapolation. More interestingly, the long wavelength absorption tail reported by Burkholder et al. 7 show ''noise'' at long wavelengths that may have resulted from impurities that were omitted by Huder and DeMore. 21 However, recent photochemical modeling show that absorption and photolysis in the long wavelength tail of ClOOCl make a significant contribution to its overall atmospheric photochemical activity.
The question raised is whether the noise in the long wavelength tail from 200 to 410 nm in the UV spectrum reported by Burkholder et al. 7 is due to impurities or a contribution from a new excited state. Careful and high quality ab initio studies by Stanton and Bartlett 16 showed that there are no low-lying singlet excited states of ClOOCl at wavelengths longer than 317 nm. Moreover, the calculations of Jensen and Oddershede, 17͑a͒ who used the random phase approximation method, as well as the calculations of Kaledin and Morokuma, 17͑b͒ are consistent with those of Stanton and Bartlett, 16 who employed the equation of motion coupledcluster ͑EOM-CCSD͒ method. Stanton and Bartlett 16 showed that the only prominent absorption feature of ClOOCl should lie at ϭ200 nm. The only other transition beyond 200 nm should occur at 258 nm. These ab initio results are consistent with the experimental UV spectrum of Burkholder et al., 7 and also suggest that there are no absorbing singlet excited states below 317 nm. However, as the chlorine atom is relatively heavy, there are possible contributions from transitions to excited triplet electronic states that could potentially borrow intensity from nearby ''bright'' singlet states through spin-orbit coupling interactions. Absorption through a triplet state followed by photodissociation is expected to be preferentially enhanced by the solar actinic flux, which peaks in the visible region of the spectrum, which could explain the significant atmospheric photochemical impact. In the present work, we investigated whether there are triplet states of ClOOCl that are below the lowest singlet states of ClOOCl.
II. COMPUTATIONAL METHOD
For the present study, the correlation consistent basis sets of Dunning and co-workers [22] [23] [24] were used. Initial geometry optimizations of the ground state were carried out with the GAUSSIAN98 suite of programs 25 at the singles and doubles coupled cluster level of theory with perturbative triples, 26, 27 CCSD͑T͒, using the standard cc-pVTZ and aug-cc-pVTZ basis sets. Full geometry optimizations were then subsequently carried out with the MOLPRO suite of programs 28 using CCSD͑T͒ with the aug-cc-pV͑Dϩd)Z, aug-cc-pV͑Tϩd)Z, and aug-cc-pV͑Qϩd)Z basis sets, 29 i.e., standard aug-cc-pVnZ for O and aug-cc-pV(nϩd)Z on Cl (n ϭD,T,Q). Optimizations were also carried out with the aug-cc-pV͑Dϩd)Z basis set at the internally contracted singles and doubles multireference configuration interaction ͑MRCI͒ level of theory 30 with the addition of the multireference Davidson correction ͑MRCIϩQ͒. 31 The MRCI wave functions utilized orbitals from full valence complete active space self-consistent field ͑CASSCF͒ calculations ͑26 electrons in 16 orbitals͒. A full valence CAS reference function was also used for the MRCI calculations, but the Cl 3s and O 2s orbitals were constrained to be doubly occupied in all reference configurations. In addition, to make these calculations more tractable, the reference functions were further restricted to have a maximum of two electrons in the three highest lying active space orbitals in any reference configuration ͑the 14a, 13b, and 14b orbitals in the C 2 point group͒. The resulting internally contracted MRCI wave function consisted of nearly 2.5ϫ10 6 variational parameters. The vertical excitation energies of the excited states were then calculated at the CCSD͑T͒/aug-cc-pV͑Qϩd)Z optimal geometry of the ground state using either the equationof-motion CCSD ͑EOM-CCSD͒ method 32 with the ACES II ͑Ref. 33͒ or MOLPRO packages or the closely related linear response CCSD method 34 with the DALTON program suite. 35 The oscillator strengths reported in this work were calculated using both CCSD ͑singlet states͒ and CASSCF ͑singlet and triplet states͒ linear response approaches with the DALTON program. In each case the aug-cc-pVDZ and aug-cc-pVTZ basis sets were used. The CCSD oscillator strengths are expected to be the most accurate for the singlet excited states. For the triplet state oscillator strengths, these were obtained 36 using the full Breit-Pauli spin-orbit operator in linear response CASSCF calculations, where a 10 electrons in 8 orbitals active space ͑10,8͒ was initially used. In order to better quantify the triplet state intensities, however, more extensive calculations were also carried out using a full valence CAS active space, i.e., 26 electrons in 16 orbitals. In all cases only the pure spherical harmonic components of the d-, f-, and g-type polarization functions were used and the frozen core approximation was employed throughout ͑26 electrons correlated͒.
III. RESULTS AND DISCUSSION

A. Ground-state structure of ClOOCl
The only experimental structural determination comes from the millimeter microwave study of Birk et al. 5 The reported geometry comes from an analysis of rotational transitions from several isotopomers of ClOOCl. There have been a few previous ab initio calculations of the geometry of ClOOCl. The first calculations performed on ClOOCl were by McGrath et al. 37, 38 The structure for ClOOCl in that study was calculated at the MBPT͑2͒ level of theory with the 6-31G* basis set. Lee et al. 39 reported the first coupled cluster study of the structure of ClOOCl. Their CCSD͑T͒/TZ2P structure was found to be in reasonable agreement with the experimental geometry and experimental rotational constants for ClOOCl. Since these seminal studies, the most recent structural determination has resulted from density functional studies. 17 In the present work, the structure of ClOOCl has been optimized with a full series of correlation consistent basis sets. Our CCSD͑T͒ results are presented in Table I , where they are also compared to both experiment and the CCSD͑T͒ results of Lee et al. 39 Comparison of the cc-pVTZ and aug-cc-pVTZ results indicate that extra diffuse functions have only a minor effect on the calculated equilibrium structure. The addition of extra high exponent ͑tight͒ d functions, however, does lead to significant shortening of the ClO distance and a concomitant lengthening of the OO distance. The MRCIϩQ values also shown in Table I are nearly identical to the CCSD͑T͒ values with the aug-cc-pV͑Dϩd)Z basis set. Upon comparing the CCSD͑T͒/aug-cc-pV͑Qϩd)Z results with experiment, the ab initio r(ClO) value is slightly longer than experiment while the r(OO) distance is considerably shorter than the experimental r 0 value. Further basis set extensions should yield slightly shorter ab initio values. In addition, core-valence correlation effects, which are neglected in the present work, are expected to further decrease these ab initio values by about 0.002 Å in r(OO) and 0.004 Å in r(ClO). Hence, based on these results we would recommend a reevaluation of the experimental structure, particularly in regards to the O-O distance.
B. Electronic excited states of ClOOCl
As noted previously by Stanton and Bartlett, the lowlying singlet excited states of ClOOCl all involve single excitations to a ClO * orbital and occur in pairs of A or B symmetry within the C 2 point group. This is also observed in the present work in Table II , where the same correlation method as Ref. 16 was used ͑CCSD͒ but with somewhat larger basis sets. In general the 1 B state is the slightly more intense member of each pair, and the most intense pair of transitions is predicted to lie at about 5.7 eV, which corresponds to a wavelength of ϳ220 nm. The lowest-lying singlet transition pair has a predicted vertical excitation energy of ϳ4.1 eV ͑ϭ300 nm͒, but is weaker by more than two orders of mag- 16 but the present excitation energies are slightly higher due mainly to the use of larger basis sets in the present study. As can also be observed in Table II , the effect of enlarging the basis set from AVDZ to AVTZ either leaves the excitation energies essentially unchanged or slightly increases them by as much as 0.1 eV; the oscillator strengths are slightly decreased in nearly all cases. In general, the CASSCF results are in good agreement with the CCSD values, especially for the full valence active space calculations, CAS͑26/16͒; the excitation energies are within ϳ0.2 eV and the oscillator strengths are qualitatively similar. Most of the CAS͑10/8͒ results also compare well with CCSD, except for the excitation energies of the A 1 B and D 1 B states, which are strongly underestimated at the CAS͑10/8͒ level of theory ͑AVTZ for A 1 B and both AVDZ and AVTZ for D 1 B). As shown in Table III , the low-lying triplet states of ClOOCl lie about 0.9 eV lower in energy than the corresponding singlet states. In particular, the lowest-lying pair of triplets have CCSD vertical excitation energies of about 3.2 eV ͑ϭ390 nm͒. The oscillator strengths for these transitions are also shown in Table III , and of these two states, the b 3 A state (⌬Eϭ3.22 eV) has the largest calculated oscillator strength of about 1.5ϫ10 Ϫ5 ͓CAS͑26/16͒ value͔. This value is comparable to the CAS͑26/16͒ result for the B 1 A state and only a factor of about 10 less than that of the lowest absorbing singlet transition. The a 3 B state has a calculated intensity about a factor of 3 less than that of the stronger b 3 A state.
From Table III it should be pointed out that the oscillator strength for the b 3 A state obtained at the CAS͑10/8͒/AVTZ level of theory is larger than the corresponding value with the CAS͑26/16͒ active space by two orders of magnitude. This erroneously large triplet state intensity results from the very poor description of the intense A 1 B state with CAS͑10/ 8͒/AVTZ; the A 1 B is calculated to lie nearly 1 eV lower than the CCSD result and at nearly the same energy as the b 3 A state. Similar near-degeneracy effects leading to anomolously large triplet state intensities can also be inferred for the d 3 A and c 3 B states. The CAS͑26/16͒/AVTZ results seem to be free of these problems, and with the exception of the d 3 A and c 3 B states, the basis set dependence of the oscillator strengths at this level of theory is nearly negligible. Table IV displays the results of some additional calibration calculations of the vertical excitation energy to the first TABLE III. Vertical excitation energies (⌬E in eV͒ and oscillator strengths ͑ f ͒ for the triplet excited states of X 1 A ClOOCl calculated at the CCSD͑T͒/aug-cc-pV͑Qϩd)Z equilibrium geometry of Table I using linear response methods in all cases. The dominant direction of the transition moment vector is given in parentheses. The molecule is oriented with the Cl atoms in the xz plane. 3 A state, which is predicted to be about an order of magnitude less intense than the lower energy singlet states in the UV spectrum of ClOOCl ͑about three orders of magnitude weaker than the strongest singlet feature͒. In the Burkholder et al. spectra, there appears to be a weak broadband feature starting around 350-400 nm. This weak broadband also appears in the earlier spectra of Tschuikow-Roux and DeMore but was viewed cautiously as a weak feature because of its presence in the noise region of the spectra. 40 The present calculations suggest that this feature, that has often been ignored as noise or an impurity, may in fact be due to the b 3 A state of ClOOCl. We have explored whether this state is a bound state and as such would display structure in the UV spectrum. Optimization of the lowest triplet state was carried out in C 1 symmetry at the MRCIϩQ/aug-cc-pV͑Dϩd)Z level of theory using a ͑4,5͒ CAS reference function within the usual frozen core approximation ͑26 electrons correlated͒. Orbitals from full valence ͑26,16͒ CAS calculations were used in this case. The reference function was further restricted by allowing a maximum of two electrons in the two highest active space orbitals. In these optimizations, which were initiated at the equilibrium geometry of the ground state with this same wave function definition, the triplet state smoothly dissociated to ClϩClOO products, which is consistent with an excitation from the ground state into a ClO * orbital. This has important ramifications for ClOOCl photochemistry in the atmosphere and modeling chlorine photochemistry and ozone loss processes.
IV. CONCLUSIONS
Using accurate coupled cluster methods and correlation consistent basis sets, the equilibrium geometry and vertical excitation spectra has been calculated for the chlorine peroxide molecule. The calculated CCSD͑T͒ equilibrium geometry of the ground state is the most accurately calculated to date and appears to indicate that the currently accepted experimental values are in error. As in previous studies, the vertical excitation spectrum is calculated by linear response CCSD calculations to be dominated by excitations to a pair of singlet states at about 5.7 eV above the ground state ͑ϭ220 nm͒. The main emphasis of this work, however, are the lowlying triplet states of ClOOCl, which were also calculated at the CCSD and CASSCF level of theories. The lowest energy pair of triplet excited states are predicted to lie at ϳ3.2 eV. While their intensities are calculated to be relatively weak, it is proposed that absorption to these low-lying triplets might account for much of the long wavelength tail in the experimental absorption spectrum of ClOOCl. In addition, the transition to the lowest triplet state involves an excitation into a ClO antibonding orbital, which is demonstrated to result in dissociation to ClOOϩCl.
